Rhodopsin, the membrane protein responsible for dim-light vision, until recently was the only G-protein-coupled receptor (GPCR) with a known crystal structure. As a result, there is enormous interest in studying its structure, dynamics, and function. Here we report the results of three allatom molecular dynamics simulations, each at least 1.5 μs, which predict that substantial changes in internal hydration play a functional role in rhodopsin activation. We confirm with 1 H magic angle spinning NMR that the increased hydration is specific to the metarhodopsin-I intermediate. The internal water molecules interact with several conserved residues, suggesting that changes in internal hydration may be important during the activation of other GPCRs. The results serve to illustrate the synergism of long-time-scale molecular dynamics simulations and NMR in enhancing our understanding of GPCR function.
Introduction
The G-protein-coupled receptors (GPCRs) are arguably the single most important family of membrane proteins known. They are the largest superfamily in the human genome and are of enormous biological [1] [2] [3] and pharmaceutical importance. 3 However, until the structure of the β2 adrenergic receptor was published earlier this year, 4 only the dim-light receptor rhodopsin was known to atomic resolution. [5] [6] [7] [8] [9] [10] [11] As a result, a great deal of effort has been expended to explore rhodopsin's activation. 1 The basic mechanism by which rhodopsin is activated is well understood: dark-state rhodopsin is stabilized by the presence of an 11-cis retinal moiety bound via a protonated Schiff base linkage to Lys296 in the protein interior. Upon absorption of a photon, retinal isomerizes to the all-trans form, and the protein relaxes via a series of intermediate states to metarhodopsin-I (MI), an inactive state that exists in equilibrium with the active metarhodopsin-II (MII) state. A number of intermediate states have been identified largely via vibrational and NMR spectroscopy experiments, often at low temperature, although X-ray structures for lumirhodopsin (formed within the first few hundred nanoseconds) and an MII-like state were recently published, 12, 13 as well as a low-resolution electron cryomicroscopy structure of MI. 9 However, at the atomic level, many details of the activation process remain unclear. In particular, two contrasting models have emerged describing the role of two highly conserved glutamates (Glu181 and Glu113) in activation (see Fig. 1 ). Both models assert that the protonated Schiff base is associated with Glu113 in the dark state and that this interaction is diminished upon formation of MI. However, the first mechanism, articulated by Yan et al., 14 postulates that Glu181 is protonated in the dark state and that during the activation process the proton is transferred to Glu113, resulting in the Schiff base switching counterions. By contrast, Lüdeke et al. 15 suggest that both residues are charged throughout activation and that MI formation is accompanied by the formation of a complex counterion. We will refer to these two competing models as the "counterion switch" and "complex counterion."
In this work we present three microsecond-scale all-atom molecular dynamics simulations of rhodopsin in lipid bilayers. Specifically, we ran simulations of 1.5 and 2 μs to model the complex counterion and counterion switch mechanisms, applying an additional potential to the cis double bond of retinal to induce isomerization to the alltrans form emulated the effects of light absorption. We also ran an additional 1.5-μs simulation of dark-state rhodopsin to serve as a control. These simulations are based on careful development of methodologies for modeling the role of polyunsaturated lipids 16, 17 and cholesterol 18 in rhodopsin function. 19 Although other groups have performed molecular dynamics simulations of activated rhodopsin, [20] [21] [22] [23] the present trajectories are at least an order of magnitude longer and are thus able to explore more of the protein's relaxation after retinal isomerization, yielding new insights into the protein's path toward activation. Indeed, in both simulations the retinal moiety's behavior is consistent with the MI formation mechanism predicted by the underlying activation model; in the counterion switch trajectory, the protonated Schiff base cleanly switches from Glu113 to Glu181, while a complex counterion is formed in the other. Comparison of the simulations to 2 H NMR experiments suggests that the latter mechanism is more likely to be correct. 24 Thus, we believe the complex counterion simulation reaches a reasonable approximation of the MI state, even though experimental measurements suggest that MI formation should take significantly longer; 25 this discrepancy may indicate flaws in the long-time-scale kinetics of molecular dynamics force fields, which have yet to be extensively validated. For this reason, we prefer to focus on structural comparisons.
The simulations also make a startling new prediction: in both activated trajectories, rhodopsin activation is accompanied by a significant increase in internal hydration. We confirm this surprising result experimentally, using magic angle spinning (MAS) 1 H NMR experiments on bovine rod outer segment (ROS) disks to demonstrate that hydration is selectively enhanced in the MI state. This observation, combined with the unprecedented atom-level description of the photointermediates, demonstrates the power of molecular dynamics to generate new insights into GPCR activation. Fig. 1 . Proton transfer mechanisms in the formation of MI. We test two separate models for proton transfer in the retinal binding pocket after photoactivation. The complex counterion model 14 begins with Glu181 protonated and Glu113 deprotonated; after retinal isomerizes, a proton is transferred from Glu181 to Glu113, leading to the counterion switch in MI. In the complex counterion model, 15 Glu181 and Glu113 are both charged until MII formation.
Results and Discussion
The intermediate states in rhodopsin's activation were defined using optical methods, with the result that detailed structural information is somewhat limited. Although the situation has improved recently, with the release of a crystal structure for lumirhodopsin (Lumi) 12 and a low-resolution MI structure, 9 this still suggests an opportunity for long-time-scale molecular dynamics to make significant contributions. In order to do so credibly, especially given the unprecedented scale of the calculations, the simulations must first be shown to be consistent with experimental results. For example, Borhan et al. 26 used cross-linking experiments with modified retinals to conclude that retinal's ionone ring approaches Ala169 during Lumi formation and remains there in MI and MII. We see a similar migration of the ionone ring in both activated simulations, but not in the simulation of the dark state, where it remains in contact with Trp265. Further, we can track MI formation by examining the interaction of the protonated Schiff base with its counterion. As shown by Fig. 2 , the mechanism differs significantly in the two trajectories. Figure 2a shows the time course for the separations between the two glutamates and the Schiff base in the counterion switch simulation, where the proton was explicitly moved from Glu113 to Glu181; the proton exchange (manually applied 500 ns after retinal isomerization) immediately induces a small reduction of the distance to Glu181. Roughly 500 ns later, the tight association between Glu113 and the Schiff base breaks, and within 50 ns a new salt bridge forms with Glu181. The complex counterion simulation produces a very different result, as shown in Fig. 2c : the salt bridge between Glu113 and the Schiff base breaks almost immediately after isomerization, and after a ∼500-ns migration period, the Schiff base is shared by the two charged glutamate side chains, although Glu181 is on average roughly 1 Å closer. In contrast to the other simulation, no discrete switching event occurs. Although we only have one trajectory for each mechanism, that fact that both behave exactly as predicted by the underlying MI formation model strongly suggests that both activated simulations reach an approximation of MI. This is encouraging but does not help distinguish which of the two models is correct. In order to draw this distinction, we used the orientation of the retinal in the latter part of each simulation to compute theoretical 2 H NMR spectra, which we then compared to experiment. 24 The counterion switch simulation produces theoretical spectra very different from those measured experimentally, while spectra computed from the complex counterion trajectory match the experiment very well. It is because of this structural comparison with experiment, and not the time scale of the simulation, that we conclude that the complex counterion trajectory is sampling MI-like conformations.
Several internal water molecules were resolved in the X-ray crystal structures of dark-state rhodopsin. 7 These water molecules are thought to play an important structural role, 7 stabilizing several charged or polar side chains that otherwise lack hydrogenbonding partners in the dark state. 27 However, Fig.  2b and d show the most surprising result in the simulations: in both activated simulations, retinal isomerization is followed by a dramatic increase of internal hydration. Although the effect is more dramatic in the simulation of the complex counterion (Fig. 2d) , perhaps because of the presence of the extra charged side chain, the counterion switch trajectory also shows a significant increase in the number of water molecules inside the protein compared to the dark state. The dramatic increase in the number of internal water molecules seems to be directly related to the Schiff base-counterion interaction: in the counterion switch simulation, the number of internal water molecules increases rapidly, beginning almost immediately after formation of the salt bridge between the Schiff base and Glu181, while in the complex counterion trajectory the internal hydration process begins concurrently with the breaking of the Glu113-Schiff base salt bridge shortly after retinal isomerization. Figure 2d also shows the equivalent time series for dark-state rhodopsin with both glutamates charged, a control for the complex counterion simulation. Although internal hydration increases slightly over the first 300 ns or so, it then remains roughly constant over an additional microsecond of dynamics; unlike the activated trajectories, in this simulation the water molecules do not significantly interact with the retinal. The initial increase is not surprising, given that crystallography will identify only the most ordered water molecules in the system. Interestingly, water entry does not significantly perturb the overall structure of the protein; the RMS deviation of the backbone from the starting point remains under 3 Å, mostly due to the high level of flexibility of several loops and the C-terminal tail and consistent with experimental evidence that the protein core does not undergo rigid-body transformations upon entering MI. 9 Figure 3, a snapshot from the complex counterion simulation roughly 1 μs after activation, clearly shows that the hydration of the protein core is qualitatively different from that found in the crystal structures. The retinal moiety has become mostly hydrated, which is not the case in either the crystal structures or the control simulation. This water molecule seems to play a functional role; it appears to drive Trp265 away from the retinal ionone ring, allowing the ring to shift to its MI-like orientation. Fig. 3 . Internal water molecules solvate retinal during MI formation. A snapshot from the 1-μs point of the complex counterion simulation is shown, depicting the large number of water molecules inside the protein cavity and their interaction with the retinal. Trp265 (green) has moved away from the retinal (yellow) head group. The image was created using PYMOL. 28 Given the importance of Trp265 in stabilizing the dark state and its high degree of conservation across the class A family of GPCRs, 29 these results suggest that the role played by water here may not be unique to rhodopsin. Along the same lines, much of the water entered the protein core via the highly conserved NPxxY and D(E)RY motifs on the cytoplasmic face, again suggesting that this mechanism could be relevant to other GPCRs.
The dramatic increase of internal hydration upon MI formation is surprising, but not totally without precedent in the literature. For example, several groups have noted changes in solvent accessibility associated with protein activation, 7, [30] [31] [32] [33] [34] [35] and in particular Mitchell and Litman demonstrated that there are differences in hydration between the MI and MII states 36, 37 However, the notion that 30 or more water molecules enter the protein core as the protein transforms from the dark state to MI is novel, and to our knowledge has not been previously seen experimentally.
For this reason, we used 1 H MAS NMR, using rhodopsin in intact ROS disks to track changes in rhodopsin hydration upon activation. Specifically, we measured magnetization transfer from water to the lipid chains via the protein, as summarized by the middle panel of Fig. 4 . 38, 39 Saturating the water magnetization in the presence of rhodopsin leads to attenuation of NMR peaks of lipid hydrocarbon chains. This is conveniently detected at 2.8 ppm, the resonance frequency for the methylene protons of carbon atoms 6, 9, 12, 15, and 18 on the polyunsaturated chain. A comparison of the relevant portions of the spectra is shown in the bottom panel of Fig. 4 (see Fig. S1 for an example difference spectrum). The effect, which is absent when a lipid matrix without protein is used, is enhanced upon rhodopsin activation. Specifically, Fig. 5 shows the 71, the relative attenuation increases immediately after exposure to light. By contrast, the effect is absent at pH 7, where the population of MI is very small. This suggests that the increased hydration is specific to the MI state. The enhanced attenuation decays with a time constant of 8.9 ± 2.4 min, consistent with the 8.2-min decay time for MIII formation measured by spectrophotometry. 40 Although this experiment does not directly determine where on the protein hydration changes, magnetization transfer is most efficient when the interactions are both short range (b 5 Å) and longlived (1-10 ns), conditions best satisfied by hydration of the protein core. Such hydration is unlikely to occur in the loops, which are flexible, located far from the membrane's hydrophobic core, and do not undergo significant conformational change during MI formation. By contrast, the simulations indicate that internal water exchanges with bulk on the 10-to 50-ns time scale, which is simultaneously slow enough for efficient magnetization transfer from water to the protons of rhodopsin, and fast enough that many generations of water are exchanged during the 0.5-s saturation pulse.
The attenuation effect exists in dark-state rhodopsin, consistent with the presence of water in the crystal structures and with the control simulation presented here, which indicates that there are always roughly 10-20 water molecules inside the protein cavity, which exchange with the bulk on the time scale of tens of nanoseconds. However, the 2.8-ppm signal is not attenuated if lipid bilayers with a composition similar to that of ROS disk membranes but without rhodopsin are used in the experiment. Similarly, varying the pH without bleaching the rhodopsin did not affect magnetization transfer either, confirming that the effect is not due to the pH dependence of generic proton exchange between water and hydroxyl and amino groups on rhodopsin, but rather is due to pH effects on the conformational equilibrium of rhodopsin. Saturating the protein signal directly leads to attenuation of the hydrocarbon chain resonances, in particular those associated with polyunsaturated lipids, but no differences were detected between dark adapted rhodopsin, MI and MII, indicating that the signal is not due to changes in lipid-protein packing in MI or MII. 39 Taken together, these controls confirm that the pH dependence demonstrated in Fig. 5 is due to systematic changes in hydration during MI formation. Moreover, the reduction in hydration during the MI to MII transition measured in the experiment is consistent with the osmotic stress experiments of Mitchell and Litman. 37 Recent experimental work has suggested that MI forms on a time scale significantly longer than that of our simulations. 25 Thus, it is possible that our simulation has not reached the full MI state, but is merely moving along the path toward MI. In this view, the simulation's two main predictions-the retinal orientation consistent with 2 H NMR and the increased hydration seen in the 1 H NMR experiments-would have to be relatively early events in MI formation, and not the final determinants of the absorption spectrum; given the lack of information about the atomic details of MI formation, this hypothesis is not unreasonable. Alternatively, the experiments measure the net result of an ensemble of transition times, with the result that, as in single molecule experiments, a single trajectory's time scale may not appear representative. Finally, it should be noted that force field development has historically focused on reproducing biomolecular structure and energetics, while the scarcity of microsecond-scale all-atom simulations means that their long-time-scale kinetic properties have not been tested extensively. For these reasons, we did not attempt to define the protein's state kinetically and instead focused on the structural validation of the simulation via comparison to the NMR results. This comparison suggests that the changes in retinal's structure and environment seen in the complex counterion simulation are representative of MI. 41 
Conclusions
Despite enormous experimental and theoretical efforts, many details of rhodopsin activation remain poorly understood. In the present work, we have used molecular dynamics on an unprecedented scale, 42 combined with NMR experiments, to reveal a new feature of rhodopsin's photocycle, a dramatic increase in the internal hydration upon moving from the dark state to MI. It appears likely that this water will play a functional role in the rest of the photocycle, and further experiments and simulations will be needed to clarify the implications of this finding for our understanding of the activation of rhodopsin and other GPCRs. 
Methods

System construction and simulation details
Both simulations consisted of a single rhodopsin molecule embedded in a bilayer containing a 2:2:1 mixture of 1-stearoyl-2-docosahexaenoyl-phosphatidylcholine-1-stearoyl-2-docosahexaenoyl-phosphatidylethanolaminecholesterol. Specifically, there were 49 SDPC molecules, 50 SDPE molecules, and 24 cholesterol molecules, along with 7400 water molecules, 14 sodium ions, and 16 chloride ions, for a total of 43,222 atoms. The "complex counterion" simulation was begun starting from the end of our previous 118-ns dark-adapted simulation. 18 The counterion switch simulation was constructed using the highest resolution crystal structure (Protein Data Bank code 1U19) using the protocol detailed in Grossfield et al. 16 and equilibrated for roughly 70 ns in the dark state. During this time, the number of the water molecules found inside the protein fluctuated significantly, although there was no systematic change. The control simulation of the dark state was constructed in a manner identical to that of the counterion switch simulation, except with both Glu181 and Glu113 charged; the first 100 ns of this simulation was part of the work published in Grossfield et al. 16 In the activated simulations, isomerization of the 11-cis retinal to all-trans was achieved by applying a modified torsion term with a single minimum at the trans position and a barrier height of 60 kcal/mol to the 11-12 bond of retinal. Isomerization occurred within the first half picosecond. The modified torsion was not used for the remainder of the calculation.
After 500-ns post-flash dynamics in the counterion switch simulation, a proton was explicitly transferred from Glu181 to Glu113, in accord with the activation model of Yan et al. 14 The manual procedure was required because in a classical molecular dynamics simulation, bonds are represented as harmonic springs, which prevents proton dissociation. Both glutamate side chains were in contact with water at the time of transfer.
Electrostatic interactions were evaluated using the particle-particle-particle-mesh Ewald summation technique, using a 128 3 grid for the fast Fourier transform, a charge-interpolation distance of four mesh points, and the Ewald α value set to 0.35 Å − 1 . Repulsion-dispersion interactions were smoothly truncated at 10 Å, and the CHARMM all-atom force field was used throughout, with water molecules represented using the TIP3P water model. [43] [44] [45] All bonds involving hydrogen were constrained to their equilibrium length using the RATTLE 46 algorithm, with the tolerance set to 10 − 10 , enabling us to run the dynamics with a 2-fs time step using the velocity Verlet integrator. 47 The simulations were performed in the NVE ensemble, in a rectilinear periodic box (55 Å×77 Å×102.65 Å for the complex counterion simulation, 56.5 Å × 79.2 Å × 95.5434 Å for the counterion switch and control simulations). The starting temperature for each simulation was 310 K and drifted less than 1 K over the course of the simulations. Production dynamics was performed on the Blue Gene/W supercomputer 48, 49 located at the T. J. Watson Research Center, typically on 4096 nodes, using Blue Matter, a simulation package developed at IBM specifically to take advantage of the Blue Gene architecture. 49 Internal water molecules were identified by constructing a rectangular 24 Å × 27 Å × 30 Å box centered on the protein and counting the number of water molecules inside the box over the course of the trajectories. These dimensions were chosen because they adequately covered the dimensions of the protein interior, and although the absolute number of water molecules varied slightly with different definitions of the box, the overall results are robust.
H MAS NMR details
Intact disk membranes were isolated from ROS of bovine retinas as described by Litman. 50 Samples were kept at 4°C, and all manipulations were performed in the dark or under dim red light. Disk membranes were transferred into buffer containing 10 mM Tris-HCl, 60 mM KCl, 30 mM NaCl, 2 mM MgCl 2 , 50 μM diethylene triamine pentaacetic acid, 1.5 mM DTT, 1.5 mg/mL aprotinin, pH 8.0 or 7.0.
The 1 H MAS NMR spectra were acquired at a resonance frequency of 500.13 MHz on a Bruker DMX500 spectrometer equipped with a triple resonance 1 H/ 13 C/ 2 H, 4-mm MAS probe head (Bruker Biospin, Inc., Billerica, MA). Experiments were conducted at a MAS spinning frequency of 10 kHz, using the pulse sequence shown in Fig. 4 , with 10 (n = 10) Gaussian-shaped saturation pulses of length l = 50 ms at a radio frequency field strength of 0.12 kHz and a 1 H π/2 pulse length of 4 μs. The saturation frequency was set to the water resonance at 4.8 ppm. Typically, four scans with a recycle delay of 10 s were acquired. Samples in the spinning MAS rotor were illuminated for 1 min with light from a miniature light bulb inserted into the MAS stator.
